Chronic obstructive pulmonary disease (COPD) is mainly caused by cigarette smoking, and is characterized by an increase in inflammatory cells in the airways and pulmonary tissue. The chemokine receptor CCR6 and its ligand MIP-3␣/CCL20 may be involved in the recruitment of these inflammatory cells. To investigate the role of CCR6 in the pathogenesis of COPD, we analyzed the inflammatory responses of CCR6 knockout (KO) and wild-type mice upon cigarette smoke (CS) exposure. Both subacute and chronic exposure to CS induced an increase in cells of the innate and adaptive immune system in the bronchoalveolar lavage, both in CCR6 KO and wild-type mice. However, the accumulation of dendritic cells, neutrophils, and T lymphocytes, which express CCR6, was significantly attenuated in the CCR6 KO mice, compared with their wild-type littermates. In the lung tissue of CCR6 KO mice, there was an impaired increase in dendritic cells, activated CD8
C hronic obstructive pulmonary disease (COPD)
3 is one of the leading causes of mortality and morbidity in the world, and its prevalence is expected to increase in the next decades (1, 2) . The disease is characterized by a slowly progressive development of airflow limitation that is poorly reversible. The airflow limitation is due to chronic obstructive bronchiolitis and loss of elastic recoil caused by destruction of lung parenchyma (emphysema) (3) . Patients with COPD also display pathologically distinct structural alterations of the small airways (airway remodeling) (4), as well as systemic inflammation (5, 6) . The molecular and cellular mechanisms that are responsible for the development of COPD are not well understood. Cigarette smoking is the major risk factor for the development of COPD, and it has been shown that chronic exposure to cigarette smoke (CS) leads to lung inflammation with an increase of inflammatory cells such as macrophages (7, 8) , neutrophils (9, 10) , dendritic cells (DCs) (11, 12) , and CD8 ϩ T lymphocytes (13) . These cells are capable of releasing inflammatory mediators and proteinases, such as matrix metalloproteinases (MMPs) or neutrophil elastase, which are believed to play a role in the progressive lung destruction in COPD (14 -16) . Several cytokines and chemokines are assumed to regulate the activation and recruitment of these inflammatory cells into the airways and pulmonary tissue of COPD patients. For example, it has been described that binding of MCP-1 to its receptor CCR2 leads to recruitment of DCs and monocytes from the blood to the tissue (17) and that IL-8 (or the mouse homolog KC) is chemotactic for neutrophils (18) . In recent papers, some investigators suggested that COPD is an autoimmune disease triggered by CS (19, 20) , which would then depend heavily on the presence of T lymphocytes and DCs. Moreover, in patients with severe COPD (Global Initiative for Obstructive Lung Disease stages 3 and 4), lymphoid follicles containing T and B lymphocytes are present in the peribronchial wall (21) . Recently, in a murine model of CS-induced COPD (22) , we and others (23, 24) have described a significant increase in the number and size of peribronchial follicles upon chronic CS exposure.
Chemokines are a family of structurally related chemotactic proteins, whose primary role is to direct the migration of leukocytes throughout the body, both under physiological and inflammatory conditions. Moreover, they have broad-reaching effects on other fundamental aspects of immunology, including the development, homeostasis, and function of the immune system. Generally, chemokines exert their biological functions by interaction with specific chemokine receptors on their target cells (25) .
Chemokine receptor CCR6, a seven-transmembrane-domain G protein-coupled receptor, is a receptor that, unlike most of its family members, has only one chemokine ligand, namely MIP-3␣ (CCL20). It has, however, been described that certain members of the ␤-defensin family also bind CCR6, but with lower affinity (26) . CCR6 is expressed on immature DCs (27) , B lymphocytes (28), memory T cells (29) , cytokine-activated neutrophils (30) , and at low levels on endothelial cells (31) . The MIP-3␣/CCR6 interaction functions as one of the most potent mechanisms for recruitment of immature DC (32, 33) . MIP-3␣ is expressed predominantly in inflamed epithelial surfaces, including the airway epithelium (34) , and could thus regulate the migration of immature DCs to the airways for subsequent Ag presentation. It has also been reported that MIP-3␣ is chemotactic for T lymphocytes (35) . Moreover, MIP-3␣ expression can be up-regulated by a broad spectrum of proinflammatory cytokines (e.g., TNF-␣) and by ambient particles (34) , making it an ideal candidate for a role in chronic inflammatory airway diseases such as COPD. CCR6 has also been implicated in asthma, in which it has been shown that CCR6 knockout (KO) mice have a reduced allergic pulmonary inflammation in response to cockroach Ag (36) .
These data suggest that CCR6 and its ligand MIP-3␣ may play a role in the inflammatory cell recruitment in COPD. To elucidate the functional role of CCR6 in the pathogenesis of COPD, we tested CCR6 KO and wild-type mice in a model of CS-induced pulmonary inflammation and emphysema (22) . We analyzed the inflammatory responses in both bronchoalveolar lavage (BAL) and lung tissue after subacute (4-wk) or chronic (24-wk) exposure to CS. Second, we quantified the extent of pulmonary emphysema, airway wall remodeling, and peribronchial aggregates in both CCR6 KO and wild-type mice upon chronic CS exposure.
Materials and Methods

Animals
A breeding pair of mice with disruption of the CCR6 gene was obtained from S. Lebecque (Service de Pneumologie, Centre Hospitalier Universitaire-Lyon, France). The CCR6 KO mice were backcrossed 10 generations onto the C57BL/6 background (37). Male CCR6 KO mice were bred (8 wk old) and male C57BL/6 wild-type mice (8 wk old) were used as control mice (Charles River Laboratories). The local ethics committee for animal experimentation of the faculty of Medicine and Health Sciences (Ghent, Belgium) approved all in vivo manipulations.
CS exposure
Mice (n ϭ 8) were exposed whole body to CS, as described previously (22) . Briefly, groups of eight mice were exposed to the tobacco smoke of five cigarettes (Reference Cigarette 2R4F without filter; University of Kentucky) four times per day with a 30-min smoke-free interval, 5 days per week for 4 wk (subacute exposure) or 24 wk (chronic exposure). An optimal smoke:air ratio of 1:6 was obtained. The control groups were exposed to air. Carboxyhemoglobin in serum of smoke-exposed mice reached a nontoxic level of 8.3 Ϯ 1.4% (compared with 1.0 Ϯ 0.2% in air-exposed mice (n ϭ 7 for both groups)), which is similar to carboxyhemoglobin blood concentrations of human smokers (38) .
Bronchoalveolar lavage
Twenty-four hours after the last exposure, mice were weighed and sacrificed with an overdose of pentobarbital (Sanofi-Synthelabo), and a tracheal cannula was inserted. A total of 3 ϫ 300 l, followed by 3 ϫ 1 ml of HBSS, free of ionized calcium and magnesium, but supplemented with 0.05 mM sodium EDTA, was instilled via the tracheal cannula and recovered by gentle manual aspiration. The six lavage fractions were pooled and centrifuged, and the cell pellet was washed twice and finally resuspended in 1 ml of HBSS. A total cell count was performed in a Bürcker chamber, and the differential cell counts (on at least 400 cells) were performed on cytocentrifuged preparations using standard morphologic criteria after May-Grünwald-Giemsa staining. Flow cytometric analysis of BAL cells was performed to enumerate DCs and CD4 ϩ and CD8 ϩ T lymphocytes.
Collection of blood leukocytes
Following BAL, blood was drawn by cardiac puncture and collected in EDTA-coated tubes. The blood was subjected to RBC lysis and labeled for differential leukocyte counts by flow cytometry.
Preparation of lung single-cell suspensions
Following cardiac puncture, the pulmonary and systemic circulation was rinsed. The left lung was used for histology, and the right lung for the preparation of a cell suspension, as detailed previously (39) . Briefly, the lung was thoroughly minced, digested, subjected to RBC lysis, passed through a 50-m cell strainer, and kept on ice until labeling. Cell counting was performed with a Z2 Beckman Coulter particle counter (Beckman Coulter). 
Labeling of BAL cells, lung single-cell suspensions, and blood leukocytes for flow cytometry
Cells were preincubated with FcR blocking Ab (anti-CD16/CD32, clone 2.4G2) to reduce nonspecific binding. The following mAbs were used to identify mouse DC populations: biotinylated anti-CD11c (N418) and PEconjugated anti-I-A b (AF6-120.1). We discriminated between macrophages and DCs using the methodology described by Vermaelen and Pauwels (40) . After gating on the CD11c-bright population, two peaks of autofluorescence can be distinguished. Macrophages are identified as the CD11c-bright, high autofluorescent population, and do not express MHC class II. DCs are identified as CD11c-bright, low autofluorescent cells, which strongly express MHC class II. DCs enumerated by these criteria correspond with myeloid DCs. The following Abs were used to stain mouse T cell subpopulations: FITC-conjugated anti-CD4 (L3T4), FITCconjugated anti-CD8 (Ly-2), and biotinylated anti-CD3 (145-2C11) mAbs. The additional marker used for T cell activation was PE-conjugated anti-CD69 (H1.2F3). PE-conjugated anti-CD19 (1D3) and anti-CD11c were used to characterize B lymphocytes. PE-conjugated anti-GR1 (Ly-6G) and biotinylated anti-CD11c Abs were used to characterize pulmonary granulocytes. The following Abs were used to differentiate blood leukocytes: FITC-conjugated anti-CD11b (M1/70), PE-conjugated anti-CD45 (Ly-5), allophycocyanin-conjugated anti-CD3, and biotinylated anti-CD19. CCR6 expression was revealed with PE-conjugated anti-CCR6 (140706). Biotinylated anti-CD11c and anti-CD3 were revealed by incubation with streptavidin-allophycocyanin. Biotinylated anti-CD19 was revealed by incubation with streptavidin-PerCP. All mAbs were obtained from BD Pharmingen, except anti-CD11c (N418 hybridoma; a gift from M. Moser, Brussels Free University, Brussels, Belgium) and anti-CCR6 (R&D Systems).
As a last step before analysis, cells were incubated with 7-aminoactinomycin D (or viaprobe; BD Pharmingen) for dead cell exclusion. All labeling reactions were performed on ice in FACS-EDTA buffer.
Flow cytometry data acquisition was performed on a dual-laser FACSVantage flow cytometer running CellQuest software (BD Biosciences). FlowJo software (͗www.Treestar.com͘) was used for data analysis.
Histology
The left lung was fixated by gentle infusion of fixative (4% paraformaldehyde) through the tracheal cannula (22) . After excision, the lung was immersed in fresh fixative during 2 h. The lung lobe was embedded in paraffin and cut in 3-m transversal sections. Lung tissue samples were stained with H&E and examined by light microscopy for histological sections. For each animal, 10 fields at a magnification of ϫ200 were captured in a blinded fashion using a Zeiss KS400 image analyzer platform (KS400; Zeiss).
Quantification of emphysema
Emphysema is a structural disorder characterized by destruction of the alveolar walls and enlargement of the alveolar spaces. We determined destruction of alveolar walls by measuring the destructive index (DI) (41) and (42), as described previously (22, 23) . Quantification of airspace enlargement was determined after 6-mo air or CS exposure by measuring the L m using image analysis software (Image J 1.33). The L m was measured by placing a 100 ϫ 100-m grid over each field. The total length of each line of the grid divided by the number of alveolar intercepts gives the average distance between alveolated surfaces, or the L m (42) .
The destruction of alveolar walls was quantified by the DI (41) . A grid with 42 points that were at the center of hairline crosses was superimposed on the lung field. Structures lying under these points were classified as normal (N) or destroyed (D) alveolar and/or duct spaces. Points falling over other structures, such as duct walls, alveolar walls, etc., did not enter into the calculations. The DI was calculated from the formula: DI ϭ D/(D ϩ N) ϫ 100.
Morphometric quantification of lymphoid aggregates
To evaluate the presence of lymphoid aggregates in lung tissue after 6-mo air or CS exposure, lung sections obtained from Formalin-fixed, paraffinembedded lung lobes were subjected to an immunohistological CD3 staining: at first, sections were incubated with Boehringer blocking reagent with Triton X-100 and primary Ab anti-CD3, followed by goat anti-rabbit biotin (both obtained from DakoCytomation). Then, slides were incubated with streptavidin HRP and colored with diaminobenzidine (both obtained from DakoCytomation). Lymphoid aggregates were defined as accumulations of at least 50 cells and counted in the tissue area surrounding the airways (airway perimeter 0 -2000 m). Results were expressed as counts relative to the numbers of airways per lung section.
Measurement of chemokines and cytokines
Using a commercially available ELISA kit (R&D Systems), MIP-3␣ protein level was determined in BAL fluid after 4 and 24 wk of air or CS exposure.
At the same time points, cytokines and chemokines in BAL fluid were determined by FACS using the cytometric bead array (CBA; BD Biosciences), following the manufacturer's instructions. A mixture of three capture bead populations, each with distinct fluorescence intensities and coated with Abs specific for TNF-␣, MCP-1, and KC, was prepared. The CBA capture beads were incubated together with PE-conjugated detection Abs and test samples or standards, to form sandwich complexes. Following acquisition of sample data using the flow cytometer (FACSCalibur flow cytometer; BD Biosciences), the sample results were generated in graphical and tabular format using the CBA Analysis Software (BD Biosciences).
Immunohistochemistry for MMP-12
Sections obtained from Formalin-fixed, paraffin-embedded lung lobes were subjected to the following immunohistological staining sequences: blocking reagent, goat anti-mouse MMP-12 (Santa Cruz Biotechnology), or goat IgG isotype control, and detection with Vectastain Elite Goat IgG ABC Kit (Vector Laboratories) and diaminobenzidine substrate (DakoCytomation). Sections were counterstained with hematoxylin.
RT-PCR analysis
Total lung RNA was extracted with the RNeasy Midi Kit (Qiagen). Expression of MIP-3␣, MMP-12, and TNF-␣ mRNA, relative to hypoxanthine guanine phosphoribosyltransferase (hprt) mRNA, was analyzed with the Assays-on-Demand Gene Expression Products (Applied Biosystems). RT-PCR was performed on an ABI PRISM 7700 Sequence Detection System with murine leukemia virus RTase (Applied Biosystems). Reverse transcription was performed at 48°C for 30 min, followed by 12-min incubation at 95°C for denaturation of RNA-DNA heteroduplexes, and 50 cycles of 95°C for 15 s and 60°C for 60 s. Monitoring of the RT-PCR occurred in real time using a FAM/TAMRA probe. All reactions were performed starting from 10 ng of total RNA.
Airway remodeling
Collagen in the airway wall was stained using Sirius Red, and the amount of fibronectin with a goat anti-rat fibronectin Ab (Calbiochem) using the streptavidin-biotin peroxidase method (43) . For each experimental group, three lung sections per animal were examined. Morphometrical parameters (44) were marked manually on the digital representation of the airway: the length of the basement membrane (Pbm), the area defined by the basement membrane (Abm), and the area defined by the total adventitial perimeter (Ao). The total bronchial wall area (WAt) was calculated (WAt ϭ AoAbm) and normalized to the squared Pbm. For the quantification of collagen and fibronectin deposition, the area in the airway wall covered by the stain was determined by the software (KS400; Zeiss) and its value was calculated, as described previously (43) . The area of collagen or fibronectin deposition was normalized to Pbm. All airways with a Pbm smaller than 2000 m and cut in reasonable cross sections (defined by a ratio of minimal to maximal internal diameter Ͼ0.5) were included.
Statistical analysis
Reported values are expressed as mean Ϯ SEM. Statistical analysis was performed with Sigma Stat software (SPSS) using nonparametric tests (Kruskall-Wallis; Mann-Whitney U). A p value Ͻ0.05 was considered significant.
Results
Increased MIP-3␣/CCL20 levels in the BAL fluid and lungs upon subacute CS exposure
Because MIP-3␣ is the only known chemokine ligand for CCR6, we examined the presence of MIP-3␣ protein in the BAL fluid of wild-type and CCR6 KO mice by ELISA. Subacute (4-wk) exposure to CS significantly increased the levels of MIP-3␣ in the BAL fluid of wild-type mice, compared with air-exposed littermates. In contrast, we did not observe a CS-induced up-regulation of MIP-3␣ protein in CCR6 KO mice (Fig. 1A) . Moreover, the amounts of MIP-3␣ were significantly lower in both air-and CSexposed CCR6 KO mice, compared with wild-type animals (Fig. 1A) .
RT-PCR analysis on RNA extracted from total lung tissue also revealed a significant increase of MIP-3␣ expression upon CS exposure. Again, this time on the mRNA level, there was significantly less expression in the CS-exposed CCR6 KO mice, compared with wild-type mice (Fig. 1B) .
Subacute CS-induced increase of CCR6-expressing DCs and T lymphocytes
FACS analysis using an anti-CCR6 mAb clearly revealed CCR6 expression on DCs and T lymphocytes of wild-type mice. Upon subacute CS exposure, there was, in both BAL and lung tissue, a significant increase in CCR6-expressing DCs and T lymphocytes, measured as percentage of total cells (Fig. 2) . The CCR6 expression within the DC population also increased upon CS exposure in both BAL (air, 5.52 Ϯ 0.70% vs smoke, 8.20 Ϯ 0.85%) and lung tissue (air, 22.41 Ϯ 1.30% vs smoke, 27.07 Ϯ 2.68%), but this did not reach statistical significance (data not shown). The CCR6 expression within the T lymphocyte population did not change in lung tissue (air, 48.60 Ϯ 3.49% vs smoke, 48.70 Ϯ 3.96%) and even tended to decrease in BAL (air, 43.74 Ϯ 3.15% vs smoke, 32.83 Ϯ 2.42%) (data not shown).
CS-induced increase of inflammatory cells in the BAL fluid
Subacute and chronic exposure to CS increased the absolute numbers of total cells, alveolar macrophages, DCs, lymphocytes, and neutrophils in the BAL fluid of both wild-type and CCR6 KO mice, compared with air-exposed animals (Fig. 3 ). There were no significant differences in total numbers of BAL cells and alveolar macrophages between wild-type and CCR6 KO mice upon CS exposure (Fig. 3, A and B) . In contrast, at both time points (4 and 24 wk), the numbers of DCs, lymphocytes, and neutrophils were significantly lower in the CS-exposed CCR6 KO mice, compared with wild-type animals (Fig. 3, C-E) . Within the lymphocyte population, the CS-induced accumulation of both CD4 ϩ and CD8 ϩ cells was attenuated in CCR6 KO mice (Fig. 3, F and G) . Moreover, baseline levels of BAL DCs and lymphocytes were significantly lower in air-exposed CCR6 KO mice, compared with their wild-type littermates (Fig. 3, C and E) .
CS-induced increase of inflammatory cells in the lungs
In lung single-cell suspensions, subacute and chronic exposure to CS induced an increase in interstitial macrophages, DCs, activated CD4 ϩ and CD8 ϩ T lymphocytes, and granulocytes in both wildtype and CCR6 KO mice, compared with air-exposed littermates (Fig. 4) . In the lung compartment, there were no significant differences between wild-type and CCR6 KO animals, except for the significantly lower numbers of DCs (upon subacute CS exposure) and activated CD8 ϩ T lymphocytes and granulocytes (upon chronic CS exposure) in the CCR6 KO mice (Fig. 4, B and E) . The FIGURE 5. Quantification of pulmonary lymphoid aggregates. A, Lymphoid aggregates around the airways in lung tissue of wild-type and CCR6 KO mice after chronic (24-wk) exposure to CS, compared with air-exposed mice. Results are expressed as means Ϯ SEM. n ϭ 8 animals/group; ‫,ء‬ p Ͻ 0.05. Photomicrographs of lymphoid aggregates in CD3-stained lung tissue of air-and smoke-exposed wild-type and CCR6 KO mice at 24 wk (magnification, ϫ100). B, Air-exposed wild-type mice; C, CS-exposed wildtype mice; D, air-exposed CCR6 KO mice; and E, CS-exposed CCR6 KO mice.
number of B lymphocytes did not change significantly upon smoke exposure (data not shown).
Chronic CS-induced increase in pulmonary lymphoid aggregates
Immunohistochemistry using an anti-CD3 mAb to stain T lymphocytes revealed hardly any lymphoid aggregates in the lung areas surrounding the airways or blood vessels of air-exposed wildtype and CCR6 KO mice. Chronic CS exposure significantly increased the number of peribronchial lymphoid aggregates (which also occur perivascularly) in the lungs of both wild-type and CCR6 KO mice (Fig. 5) . However, there was a trend toward less aggregates in the CS-exposed CCR6 KO mice, compared with the wildtype littermates ( p ϭ 0.077) (Fig. 5A) . No pulmonary aggregates could be detected in the lungs after subacute CS exposure.
Partial protection against emphysema in CCR6 KO mice upon chronic CS exposure
Pulmonary emphysema is characterized by destruction of alveolar walls due to damage to the lung parenchyma, leading to enlargement of alveolar spaces. Therefore, to quantify emphysematous lesions, it is recommended to evaluate both the airspace enlargement (quantified by the measurement of the L m ) and the destruction of the alveolar walls (quantified by the measurement of the DI).
Chronic 22 .4% increase). However, the L m and DI of the smoke-exposed CCR6 KO mice were significantly lower compared with the smoke-exposed wild-type mice (Fig. 6, A and B) , indicating a partial protection against pulmonary emphysema in CCR6 KO mice. The significant airspace enlargement due to chronic CS exposure in wild-type mice and the attenuated emphysema in CCR6 KO mice is illustrated with H&E-stained lung tissue sections (Fig. 6, C-F) .
Impaired increase in MMP-12 expression in CCR6 KO mice upon CS exposure
MMP-12 is one of the key proteinases implicated in the development of pulmonary emphysema (45) . Because CS-induced emphysema is attenuated in CCR6 KO mice, we analyzed the pulmonary expression of MMP-12 by RT-PCR and immunohistochemistry. Subacute CS exposure induced a significant increase in MMP-12 mRNA in both wild-type and CCR6 KO mice, compared with air-exposed littermates. However, the CS-induced increase in MMP-12 mRNA expression was significantly attenuated in the CCR6 KO mice, compared with wild-type animals (Fig. 7A) . Immunohistochemistry clearly revealed MMP-12 staining in macrophages and DCs of chronic CS-exposed wild-type and CCR6 KO mice, compared with the absence of MMP-12 staining in air-exposed littermates (Fig. 7, B-E) . Again, the MMP-12 induction seemed attenuated in the CCR6 KO mice, as evidenced by a fainter staining, compared with wild-type mice. Photomicrographs of H&E-stained lung tissue of air-and smoke-exposed wild-type and CCR6 KO mice at 24 wk (magnification, ϫ200). C, Air-exposed wild-type mice; D, CS-exposed wild-type mice; E, air-exposed CCR6 KO mice; and F, CS-exposed CCR6 KO mice.
Subacute CS-induced increase of inflammatory chemokines and cytokines
To gain further insight in the molecular mechanisms of the attenuated inflammation and emphysema in CCR6 KO mice, we measured protein levels of MCP-1, KC, and TNF-␣ in the BAL fluid by CBA, as well as the TNF-␣ mRNA expression in total lung tissue by RT-PCR.
Subacute exposure to CS induced a strong increase in MCP-1 protein in the BAL fluid of wild-type mice, while there was no up-regulation in the CCR6 KO mice (Fig. 8A) . KC (mouse homolog for IL-8) was increased in BAL fluid of both wild-type and CCR6 KO mice upon subacute CS exposure (Fig. 8B) .
The levels of TNF-␣ protein were below detection limit in almost all BAL fluid samples (data not shown), while subacute exposure to CS induced a significant increase in TNF-␣ mRNA in total lung tissue of wild-type mice, which was significantly attenuated in the CCR6 KO mice (Fig. 8C) .
Chronic CS-induced airway wall remodeling
To investigate the effects of chronic CS exposure on the deposition of extracellular matrix in the airway wall, lung sections were stained with antifibronectin or Sirius Red to reveal fibronectin and collagen, respectively. In both wild-type and CCR6 KO mice, chronic CS exposure induced a significant increase in peribronchial fibronectin deposition (Fig. 9, A-E) . Similarly, chronic CS exposure significantly increased the amount of collagen present in the peribronchial area of both wild-type and CCR6 KO mice (Fig.  9, F-J) . Moreover, this increased deposition of fibronectin and collagen resulted in a significant thickening of the airway wall upon chronic CS exposure in both genotypes (Fig. 9K) .
Differential cell counts on blood leukocytes upon subacute CS exposure
Because COPD is also characterized by systemic inflammation, we performed differential cell counts on blood leukocytes, distinguishing monocytes, granulocytes, and B and T lymphocytes. Subacute CS exposure significantly increased blood granulocytes (measured as percentage of total blood leukocytes), in both wild-type and CCR6 KO mice (wild type ϭ air, Results are expressed as a ratio with hprt mRNA (mean Ϯ SEM). n ϭ 5 animals/group; ‫,ء‬ p Ͻ 0.05. Immunohistochemistry for MMP-12 protein on lung tissue of wildtype and CCR6 KO mice exposed to air or CS for 24 wk (chronic exposure) (magnification, ϫ400). MMP-12 is expressed by macrophages and DCs. B, Air-exposed wild-type mice; C, CS-exposed wild-type mice; D, air-exposed CCR6 KO mice; and E, CS-exposed CCR6 KO mice. Photomicrographs are representative of eight animals per group. 
Discussion
COPD is mainly caused by cigarette smoking, and is characterized by a pulmonary inflammation with an increase in cells of both the innate and the adaptive immune system. In this study, we have demonstrated that the CS-induced pulmonary inflammation is partly impaired in CCR6 KO mice, resulting in an attenuated increase of DCs, T lymphocytes, and neutrophils in the BAL fluid and an impaired increase in DCs, activated CD8 ϩ T lymphocytes, and granulocytes in the lungs of CCR6 KO mice, compared with wild-type littermates. Importantly, upon chronic CS exposure, there was a partial protection against pulmonary emphysema in the CCR6 KO mice. In contrast, CCR6 deficiency had no effect on the development of airway wall remodeling and systemic inflammation.
We have shown that both mRNA and protein levels of MIP-3␣/ CCL20, the unique chemokine ligand for the CCR6 receptor, are significantly increased upon CS exposure in wild-type mice. This can be due to activation of the lung epithelium, either directly by CS or indirectly via inflammatory mediators such as TNF-␣ or IFN-␥ (34), which are released in the ongoing process of COPD. MIP-3␣ is known to attract CCR6-expressing cells from the tissue to the site of pathogen invasion (17) , and may contribute to the CS-induced pulmonary inflammation. Indeed, in CCR6 KO mice, we observed an attenuated increase in the numbers of DCs and T lymphocytes (cell types that clearly showed CCR6 expression in wild-type mice), whereas the numbers of macrophages (that are not expressing CCR6) were comparable to the wild-type animals. Moreover, in CCR6 KO mice, we observed significantly lower levels of MIP-3␣. This can be a downstream effect of the CCR6 deficiency, in which the impaired pulmonary inflammation leads to a reduced release of inflammatory mediators such as TNF-␣ or IFN-␥, thereby hampering the activation of airway epithelial cells to release MIP-3␣.
We also found the chemokine MCP-1 to be strongly induced in CS-exposed wild-type mice. MCP-1 binds to CCR2, a receptor that is highly expressed on circulating blood DCs and monocytes, and thus primarily controls their recruitment from the blood vessels to the tissue (17) . In contrast to wild-type mice, there was no increase in MCP-1 levels in CCR6 KO mice upon CS exposure, again probably a downstream effect of the CCR6 deficiency in which the impaired pulmonary inflammation leads to less MCP-1 release.
CS-exposed CCR6 KO mice also showed a significant attenuation in neutrophil influx. This can be due to a direct effect of the Results are expressed as means Ϯ SEM. n ϭ 8 animals/group; ‫,ء‬ p Ͻ 0.05. Photomicrographs of peribronchial fibronectin deposition (magnification, ϫ100): B, air-exposed wild-type mice; C, CS-exposed wild-type mice; D, airexposed CCR6 KO mice; and E, CSexposed CCR6 KO mice. F, Peribronchial collagen deposition in lung tissue of wild-type and CCR6 KO mice after chronic (24-wk) exposure to air or CS. Results are expressed as means Ϯ SEM. n ϭ 8 animals/group; ‫,ء‬ p Ͻ 0.05. Photomicrographs of peribronchial collagen deposition (magnification, ϫ100): G, air-exposed wild-type mice; H, CS-exposed wild-type mice; I, air-exposed CCR6 KO mice; and J, CS-exposed CCR6 KO mice. K, Airway wall thickness of wild-type and CCR6 KO mice upon chronic (24-wk) exposure to air or CS. Results are expressed as means Ϯ SEM. n ϭ 8 animals/group; ‫,ء‬ p Ͻ 0.05. lack of CCR6, which is described to be present on certain cytokine-activated neutrophils (30) , or indirectly via the release of other inflammatory mediators. One neutrophil-attracting chemokine that we found to be significantly induced upon CS exposure is KC (the mouse homolog for IL-8), but there were no differences between wild-type and CCR6 KO mice.
The remaining recruitment of DCs, neutrophils, and T lymphocytes to the airways of CCR6 KO mice can be explained by the release of other chemokines, such as MIP-1␣/CCL3 or I-TAC/ CXCL11, which are also chemotactic for a variety of inflammatory cells by binding to chemokine receptors like CCR5 (46) or CXCR3 (47) (48) (49) , respectively. Also, elastin fragments, generated as a result of proteolysis of elastin fibers by neutrophil elastase or MMP-12, are chemotactic for monocytes (50) . The fact that baseline levels of BAL DCs and lymphocytes were lower in the air-exposed CCR6 KO mice compared with wild-type littermates suggests that the CCR6 pathway is not only important in CS-induced inflammation, but also in the homeostatic recruitment of inflammatory cells to the airways.
The reduced accumulation of DCs in CCR6-deficient mice upon CS exposure supports the findings by Osterholzer et al. (51), who described the contribution of CCR6 to DC migration into alveolar spaces of allergen-challenged mice. In the same respect, Le Borgne et al. (52) showed that recruitment of DCs into epithelial tissues for CD8 ϩ T lymphocyte priming depends on the CCR6/ MIP-3␣ pathway.
The alveolar destruction in pulmonary emphysema is believed to originate mainly from an imbalance between proteinases and their inhibitors. Macrophages are an important source of proteinases, especially MMP-12, which has been implicated in the development of pulmonary emphysema upon long-term CS exposure in mice (45) . We have shown recently that not only macrophages, but also DCs are capable of releasing MMP-12 in response to CS (53) . The impaired production of MMP-12 that we observed in CSexposed CCR6 KO mice can be the result of the lower numbers of DCs, or can be due to an attenuated activation of DCs and macrophages in these mice. Either way, these lower levels of MMP-12 can be a possible explanation for the partial protection against alveolar destruction and emphysema in CCR6 KO mice.
Several additional mechanisms might explain why CCR6 KO mice are partially protected against CS-induced pulmonary emphysema. First, neutrophils are another important source of proteinases, releasing serine proteinases such as neutrophil elastase, which is also implicated in the pathogenesis of pulmonary emphysema (15) . The lower number of neutrophils in CCR6 KO mice will lead to less neutrophil elastase, further influencing the proteinase/antiproteinase imbalance in CCR6 KO mice. Second, the attenuated smoke-induced increase of T lymphocytes in CCR6 KO mice might also contribute to the partial protection against CSinduced pulmonary emphysema. Indeed, cytotoxic CD8 ϩ T lymphocytes have the capacity to cause cytolysis and apoptosis of alveolar epithelial cells through the release of perforins and granzyme B (19, 54) .
Contrary to the clear influence of the CCR6 deficiency on CSinduced pulmonary inflammation and airspace enlargement, it had no effect on airway wall remodeling, another hallmark of COPD. This suggests that the peribronchial deposition of fibronectin and collagen is not a direct downstream effect of the ongoing pulmonary inflammation, but rather occurs through independent processes, a theory that has also been proposed for remodeling in asthma (55, 56) . It is not known what exactly drives these processes, but there is evidence for the involvement of TGF-␤ (57).
COPD is also characterized by systemic inflammation (5, 6). Whether this is the result of spillover from the airway inflammation or not is still controversial. We have shown that the CS-induced increase in blood granulocytes is not influenced by the attenuated pulmonary inflammation in CCR6 KO mice, indicating that CS can directly produce systemic inflammation, as has also been evidenced in human smokers (6) .
In conclusion, we have demonstrated that CCR6 deficiency leads to an impaired accumulation of myeloid DCs, neutrophils, and T lymphocytes upon CS exposure, which is reflected in a partial protection against the development of pulmonary emphysema. This indicates that the interaction of CCR6 with its ligand MIP-3␣ contributes to the pathogenesis of CS-induced pulmonary inflammation and emphysema.
